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a b s t r a c t

Daily average total ozone Microtops measurements obtained during several campaigns conducted from

2001 to 2011 at latitudes from 31 to 681N and in different seasons are compared with satellite

observations. The Microtops ozone is derived using different wavelength combinations (Channel I,

305.5/312.5 nm; Channel II, 312.5/320 nm; and Channel III, 305.5/312.5/320 nm). Satellite data from

TOMS, OMI, GOME, and GOME-2 are used in the comparison. The three Microtops channels show a high

correlation with the satellite retrievals. Channel I shows the best results and produces a mean bias

deviation (MBD) less than 2.14% with respect to TOMS, OMI and GOME. The MBD increases to 3% in the

comparison against GOME-2, due to the small number of available data. In addition, the total ozone

content provided by Channel I displays the more stable behavior during the ten-year period. The

Channel III total ozone shows MBD values smaller than those observed for Channel I. However the

Channels II and III present a larger variability and show a larger spread of the data. Consequently,

Channel I appears as the best option for long term measurements with Microtops.

& 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Systematic remote sensing measurements of total ozone con-
tent (TOC) from satellite were started in 1970s. The different
versions of the Total Ozone Mapping Spectrometer (TOMS) (2012)
have been operational from 1978 to 2005 onboard four different
satellites (NIMBUS7, Meteor3, ADEOS, and Earth Probe). TOMS
was followed by the Ozone Monitoring Instrument (OMI) (Levelt
et al., 2006), launched on the EOS/AURA satellite in 2004. Two
versions of the Global Ozone Monitoring Experiment (GOME and
GOME-2) (Valks et al., 2004) and the SCanning Imaging Absorp-
tion SpectroMeter for Atmospheric CHartographY (SCIAMACHY)
(Eskes et al., 2005) instruments were launched by the European
Space Agency on different satellites: GOME on the European
Remote Sensing satellite (ERS-2), in 1995; SCHIAMACHY on
ENVISat in 2002; GOME-2 on EUMETSAT Meteorological Opera-
tional Satellite (MetOp) in 2006.

Satellite observations require a thorough verification and ground-
truthing. Ground based determinations by the Dobson (Dobson,
1931), and the automated Brewer (Brewer 1973) spectrophotometers
ll rights reserved.
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are considered reference measurements of total ozone content.
Dobson and Brewer ozone measurements agree within 1% when
the major sources of discrepancy are properly accounted for Balis
et al. (2007a). Typical deviations of satellite measurements with
respect to Brewer and Dobson instruments are around 2% (e.g.
McPeters and Labow, 1996; Vanicek, 2006; Balis et al., 2007a, 2007b).

The Microtops II is a small size portable photometer that can be
used as an alternative to measure total ozone content. It is adequate
to be used in intensive field campaigns or in remote locations (e.g.
Gómez-Amo et al., 2012a) as well as in permanent atmospheric
stations. Its easy operation and short measurement time allow
instantaneous ozone measurements even under partially cloudy
skies (Köhler, 1999). The routine use of Microtops measurements
can contribute to increase the spatial distribution of total ozone
observations from the ground, including areas with poor satellite
coverage.

Previous studies were devoted to describe the Microtops and
test its performance (Morys et al., 2001), analyzing its advantages,
limitations and uncertainties (Flynn et al., 1996; Labow et al.,
1996; Köhler, 1999; Holdren et al., 2001) as well as the opera-
tional procedures to improve the data quality and its long term
performance (Gómez-Amo et al., 2012a).

This work is focused on the comparison of Microtops II agai-
nst satellite TOC measurements from different sensors (TOMS,
OMI, GOME and GOME-2). Measurements from several campaigns
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covering the ten year period from 2001 to 2011 and a wide range
of latitudes (31–681N) have been used for the analysis. This work
is intended to test the capability of the same instrument to take
accurate TOC measurements in different conditions. Previous
studies comparing Microtops against satellite sensors are limited
at a single location and a short period of time (e.g. Massen, 2003,
2005; Srivastava et al., 2008; Silva and Tomaz, 2012).
2. Observations and data

2.1. Microtops observations

Microtops measurements in several intensive campaigns at
seven different sites from 2001 to 2011, covering latitudes from
31 to 681 of the Northern hemisphere, were used in this study.
The measurements were carried out in four Spanish stations
(Madrid, Valencia, Barrax, and El Arenosillo), an African site
(Marrakech, in Morocco), and two other European stations
(Sodankylä, in Finland, and Lampedusa in Italy). Only the obser-
vations in Madrid and Valencia stations were carried out in urban
environments. The rest of the measurements were done in rural
or marine areas, relatively far away from pollution sources. A
detailed description of the sites and observations can be found in
Gómez-Amo et al. (2012a) for the campaigns carried out in
Madrid and El Arenosillo. The observation station at Valencia is
described by Estellés et al. (2007). The area of experimentation at
Barrax and the different campaigns which took place at this site
are discussed in Martı́nez-Lozano et al. (2007) and Estellés et al.
(2008). The description of the measurements in Sodankylä,
Marrakech, and Lampedusa is given by Gómez-Amo et al. (2006,
2008, 2012a), respectively. The geographic coordinates of these
stations, the Microtops measurement period as well as the
number of days with cloud free conditions available for the
comparison are shown in Table 1.

The measurements have been done with the instrument #3682
which is a second generation of Microtops II ‘‘ozone monitor’’. It is a
portable photometer designed for a hand-held operation. It measures
the direct solar irradiance in three UV bands using a collimator with
2.51 field of view (FOV). A narrow-band interference filter and a
photodiode are used for each band. These three UV filters centered at
(305.5, 312.5, 320.0 nm) have a nominal full width at half maximum
(FWHM) of 2.470.4 nm. The water vapor content was derived from
measurements in the 940 nm band, and the aerosol optical depth
from observations at 1020 nm. These two filters have a FWHM band
pass of 10.071.5 nm. The physical and operational characteristics of
Microtops II are described in detail by Morys et al. (2001).
Table 1
Sites where the campaigns were carried out and its temporal coverage from 2001 to 2

Site Dates

Madrid (Spain), (40.451N, 3.721W, 685 m a.s.l.) December 2001

Sodankylä (Finland), (67.371N, 26.631E, 179 m a.s.l.) April–June 2002

Valencia (Spain), (39.511N, 0.421W, 30 m a.s.l.) May–September 20

July–December 200

January–June 2005

Marrakech (Morocco), (31.661 N, 7.611 W, 586 m a.s.l.) March 2003

Barrax (Spain), (39.061N, 2.101W, 700 m a.s.l.) July 2003

July 2004

June 2005

El Arenosillo (Spain), (37.11N, 6.71W, 10 m a.s.l.) May 2004

Lampedusa (Italy), (35.521N, 12.631E, 45 m a.s.l.) April–May 2008

May 2009

April–September 20

Note: The uncertainty assigned for each single measurement of AOD at 1020 nm is 0.0
Three different ozone values are retrieved using the combina-
tion of the signals at 305.5 and 312.5 nm (Channel I), of the bands
at 312.5 and 320.0 nm (Channel II), and of the three UV bands
(Channel III). The description of the methodology used in the
retrieval can be found in Gómez-Amo et al. (2012a).

2.2. Microtops calibration and data quality

The Microtops II (#3682) was calibrated in 1997, 2002, and 2010.
In a previous study the performance of the Microtops ozone mea-
surements was verified against co-located Brewer measurements
(Gómez-Amo et al., 2012a). Different approaches to check the
calibration state and its degradation with time were adopted. The
analyses show that a linear interpolation between the consecutive
calibrations produces the best results, also during the years without
calibrations, against the Brewers The same calibration strategy was
adopted also in this study. In addition, the Microtops procedure to
improve the data quality suggested by Gómez-Amo et al. (2012a) was
also implemented, and only the series of three or five observations
within 1 min which display standard deviation of the signals less than
2% and standard deviation of the AOD at 1020 nm less than 0.015
have been used (Gómez-Amo et al., 2012a).

A comparison of Microtops ozone with Brewer measurements
applying these procedures shows that the root mean square
deviation between Microtops and Brewer are 1, 2 and 2% for
Channels I, II and III respectively (Gómez-Amo et al., 2012a).

The Microtops ozone did not show any dependency on the
latitude in the comparison against the Brewer for any of the three
channels. In addition, the Channel I was found the best option to
monitor the TOC and only an airmass dependency was observed
for airmasses larger than 2.6 (Gómez-Amo et al., 2012a). This
airmass dependency was observed also for Channel III. Moreover,
Channels II and III showed a large sensitivity on the time since the
last calibration and a slight dependency on the aerosols.

2.3. Satellite measurements

Four different ozone satellite datasets have been used in this
study. TOMS instrument onboard the NASA Earth-Probe platform has
been used. TOMS is a nadir viewing instrument with a footprint of
39�39 km2. The used ozone data are based on the TOMS V8
algorithm (Bhartia and Wellemeyer, 2002), which has been used to
process data from a series of four TOMS instruments flown since
November 1978 until December 2005. It uses 2 wavelengths for
ozone retrieval (mainly 317.5 and 331.2 nm), while the other
4 wavelengths (depending on the instrument) are used for
011 and the aerosol optical depth at 1020nm.

AOD at 1020 nm N

Average Minimum Maximum

0.08170.02 0.047 0.101 5

0.08270.02 0.042 0.113 14

03 0.12870.09 0.043 0.504 84

4 0.15370.19 0.026 0.831 38

0.08570.04 0.031 0.207 20

0.25170.21 0.058 0.615 8

0.13970.09 0.086 0.280 5

0.12070.03 0.097 0.161 6

0.15570.11 0.015 0.327 7

0.07270.03 0.044 0.108 5

0.21770.17 0.060 0.524 8

0.20670.13 0.119 0.350 3

11 0.15570.11 0.042 0.598 75

15 (Ichoku et al., 2002).
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diagnostic and error corrections (Balis et al., 2007a). Starting from
the middle of year 2000, TOMS data displayed significant errors
attributed to an optical degradation in the instrument. An
empirical correction was applied to the TOMS data based on
validation against the TOC regional averages (McPeters et al.,
2007); by applying this correction the accuracy of the TOMS
retrievals has increased significantly (e.g. Antón et al., 2010a).

The OMI instrument is onboard the NASA EOS/AURA spacecraft
from 2004. It is a nadir viewing spectrometer that measures solar
reflected and backscattered light in a selected range of the UV and
visible spectrum. The Aura satellite describes a sun-synchronous
polar orbit and provides global daily coverage with a spatial resolu-
tion of 13�24 km2 in nadir. Two products of total ozone content are
derived: OMI-TOMS and OMI-DOAS. The OMI-TOMS ozone data uses
the TOMS V8.5 algorithm. It introduces slight differences with respect
to the V8 algorithm, mainly related to the cloud top pressures. This
modification increases the accuracy of TOC values under cloudy
conditions (Yang et al., 2008).The OMI-DOAS ozone product
(Veefkind et al., 2006) is based on a DOAS (Differential Optical
Absorption Spectroscopy) technique. The algorithm uses hyperspec-
tral measurements in the wavelength range 331.1 to 336.6 nm, to
reduce errors due to aerosols, clouds, surface effects, and sulfur
dioxide from volcanic eruptions. The validation of TOMS and OMI
against ground-based Brewer has been studied on a global scale. The
results report deviations smaller than 1% for TOMS and OMI-TOMS
and 2% for OMI-DOAS (Balis et al., 2007a).

GOME onboard of ERS-2 is an across-track nadir-viewing spectro-
meter which covers the 240–793 nm spectral range with resolution
varying from 0.2 to 0.4 nm. It has been operational from 1997 to July
2011 in a sun-synchronous polar orbit. The nominal footprint of the
instrument is 320�40 km2 and the global coverage is reached in
three days. GOME-2 is an enhanced version of GOME/ERS-2, covering
the same spectral range. It is operational since 2006 on board of
MetOp satellite in a sun-synchronous orbit. GOME-2 has a daily
global coverage with a spatial resolution of 80�40 km2. The opera-
tional algorithm for the retrieval of total ozone column from GOME-
2/MetOp is the GOME-2 Data Processor Version 4.2 (GDP 4.2), which
is based on the operational GDP 4.0 algorithm used for processing the
GOME/ERS-2 data (Loyola et al., 2011). In the case of GOME the
deviation from the Brewer observations falls between �1 and þ1.5%
(Balis et al., 2007b).
3. Methodology

The comparison between Microtops II and satellite measure-
ments has been done using the averages of Microtops observa-
tions made around the satellite overpass. Daily average values
have been also used when Microtops measurements were not
available during the overpass. In that cases, the average was
performed over measurements made with airmasses smaller than
2.6; this limit is set to avoid deviations due to the Microtops
ozone airmass dependency (Gómez-Amo et al., 2012a).

The agreement between the instruments has been evaluated
using a linear regression analysis of each satellite retrieval versus
the Microtops observations. In addition, the relative deviation
(RDEV) was calculated, and the mean bias deviation (MBD), the
mean absolute deviation (MAD), and the root mean square
deviation (RMSD) were obtained using the following expressions:

RDEVi ¼ 100U
mTopsi�satellitei

mTopsi
, ð1Þ

MBD¼
1

N
U

XN

i ¼ 1

RDEVi, ð2Þ
MAD¼
1

N
U

XN

i ¼ 1

RDEVi

�� ��, ð3Þ

where mTOPSi are the Microtops TOC measurements and satellitei

the satellite determinations. N is the number of days used in the
intercomparison. The standard deviation of the mean value is
calculated for each statistical indicator.
4. Results and discussion

Microtops measurements during 250 days with clear sky
conditions are available over the period 2001–2011 for the
comparison. These measurements have been compared with
TOMS, OMI, GOME and GOME-2, depending on the time period
and the satellite coverage in the geographical location where each
campaign was carried out. Therefore, TOMS measurements were
used for the period 2001–2005; OMI measurements, which use
both the DOAS and the TOMS algorithms, are used after 2005. The
daily level 3 global gridded products, TOMSEPL3.008 from TOMS
instrument, and OMTO3e.003 and OMDOASe.003 from OMI aver-
aged to (11�11) were used individually for the comparison. In
addition, the data TOMSEPL3.008 and OMTO3e.003 were also
analyzed together since the retrieval is based in the same V8
TOMS algorithm, even if the data come from different instru-
ments (Fioletov et al., 2008). Therefore, using that combination
the Microtops–TOMS comparison was extended to the whole
period 2001–2011 and 234 data pairs were used. The
Microtops–OMI comparison, for both OMI-DOAS and OMI-TOMS,
is based on 129 valid data pairs. Data from GOME and GOME-2
processed using the GDP4.2 were used from 2001 to July 2011 for
GOME, and for 2008–2011 for GOME-2. Due to their temporal
coverage, only 105 and 77 data pairs were used for GOME and
GOME-2, respectively.

The use of gridded data increases the number of points to be
used in the comparison. This is advantageous since the Microtops
measurements were not carried out continuously during the
whole temporal period. In addition, the use of gridded data is
preferred in order to avoid issues related to the differences in the
characteristics of the individual instruments and measurements
(FOV, solar zenith angle, etcy) and the data set to be compared is
homogenized (Fioletov et al., 2008).

The use of daily average values may affect the results of the
comparison, since the diurnal TOC variability may be not negligible in
many situations (Antón et al., 2010b). That may be especially relevant
in urban areas where also the Brewers show a daily variation up to 2%
(Kerr and McElroy, 1995). However, only measurements at Madrid
and Valencia stations were done in urban environments. In the rest of
the campaigns, the measurements were carried out far from the
anthropogenic influence. In addition, most of the Microtops TOC data
were obtained in coincidence with the satellite overpass, and the
daily averages were calculated over a limited range of airmasses,
generally in the central part of the day. Therefore, the influence of the
residual TOC daily variability present in the Microtops dataset is
expected to negligibly affect the comparisons.

4.1. Overview of the measurements period

The time series of the Microtops and Satellite ozone measure-
ments from 2001 to 2011 are shown in Fig. 1. The total ozone
amount displays a wide range of values during the whole period due
to the different geographical locations and seasons. The Microtops
values range in the interval 246–389 DU. In general, the three
Microtops ozone values are slightly larger than those observed from
satellites, whose values fall within the range 235–384 DU. The
average Microtops–satellite differences are smaller than 10 DU for



Fig. 1. Time series for the Microtops and satellite retrievals during the period 2001–2011. (a) TOC measurements for the three Microtops channels, (b) TOC measurements

for the different satellite instruments and (c) AOD at 1020 nm measurements.
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Channels I and III. Channel II shows differences larger than 10 DU
with respect to all satellite measurements.

The differences among satellite ozone from different instru-
ments do not exceed 14 DU (Fig. 1b) and the MBD and MAD
during the entire measurement period is smaller than 2 and 2.6%,
respectively. Although that results cannot be considered repre-
sentative for a global satellite comparison, that is in agreement
with Fioletov et al. (2008), who compared TOMS, OMI-TOMS,
OMI-DOAS, and GOME measurements during the period 1978–2006
on a global scale, and found maximum differences of 3%.

Fig. 1c shows the AOD at 1020 nm for the entire studied
period. The AOD is measured by Microtops for the whole period,
except for May–August 2003 at Valencia station, when the Micro-
tops AOD was not available. During this period the Cimel AOD
measurements at 1020 nm were used. The different colors indi-
cate the different regions where each campaign was carried out.
AOD displays a large range of values, from 0.015 to 0.831; the
AOD variation is dependent on the considered campaign. Table 1
shows the AOD average (7 the standard deviation), as well as the
minimum and maximum values measured during each campaign.
Most of the values are smaller than 0.1. Most of the values larger
than 0.2 are found in the campaigns in Marrakech, Barrax,
Valencia and Lampedusa, probably due to the dust events which
frequently affect these regions. Some of these events were studied
and well documented, by Gómez-Amo et al. (2008) for the
Marrakech campaign, by Martı́nez-Lozano et al. (2007) and
Estellés et al. (2008) at Barrax station, and finally by Meloni
et al. (2012) and Gómez-Amo et al. (2012b) for the GAMARF
campaign at Lampedusa.

4.2. Microtops–satellite comparison

Fig. 2(a, b and c) shows the time series of the relative deviations
(RDEV) between the Microtops and the different satellite
measurements during the whole time period. Channel I shows a
limited RDEV range, within the interval [�4.5, þ7.9] %, with
respect to all sensors for the whole period (Fig. 2a) and remains
more stable among the years. Channels II and III show a larger
variability than Channel I, RDEV ranges in the intervals [�6.1,
þ11.5] % for Channel II (Fig. 2b), and in the interval [�8.7, þ7.6] %
for Channel III (Fig. 2c). Since the airmass dependence of the
Microtops ozone values has been shown to be negligible for
airmasseso2.6, the differences observed in Fig. 2 may be ascribed
to the own Microtops–satellite comparison.

A linear regression forced through the origin was calculated to
analyze the agreement between Microtops and satellite ozone
observations using the whole dataset. The linear regression
coefficients and other statistical parameters are reported in
Table 2. The uncertainty assigned to the statistical parameters is
the standard deviation of the mean value.

The TOC provided by the three Microtops channels is well
correlated with all satellite measurements and shows correlation
coefficients higher than 0.97, 0.92, and 0.94 for the Channels I, II,
and III, respectively. Moreover, the slope is close to the unity in all
cases. As indicated by the positive MBD, the three channels
overestimate the satellite observations almost in all cases, except
in the cases corresponding to the comparison of Channels I and III
against TOMS, which are slightly negative. Differences among the
three Microtops channels exist, since the distribution of the data
around the one by one line varies depending on the considered
satellite dataset (Fig. 3).

Channel I data show the best correlation with the satellite
observations since the data are uniformly distributed along the one
by one line in all cases. The agreement is better for the TOMS and
OMI-DOAS datasets, for which the MBD values suggest an under-
estimate by �0.16%, and an overestimate by 0.75%, respectively.
RDEV for Channel I is larger in the cases of OMI-TOMS, GOME and
GOME-2, with MBD up to 2.14, 1.7, and 3%, respectively. In addition,



Fig. 2. Time series for the Microtops–satellite relative deviations RDEV. (a) Channel I, (b) Channel II and (c) Channel III.

Table 2
Parameters obtained from the statistical analysis of the Microtops–satellite deviations.

Sensor Slope R MBD (%) MAD (%) RMSD (%) Median (%) Mode (%) N

Microtops Channel I

TOMS 1.00270.016 0.98 �0.1670.18 1.7870.10 2.18 �0.47 �1 153

OMI-TOMS 0.97970.014 0.99 2.1470.15 2.3470.13 2.73 2.15 1 129

OMI-DOAS 0.99370.016 0.98 0.7570.19 1.8170.11 2.16 0.92 1 129

TOMS 2001–2011 0.99370.016 0.97 0.7270.16 2.1470.09 2.58 0.57 2 234

GOME 0.9870.02 0.98 1.770.2 2.2970.19 2.97 1.43 0 105

GOME-2 0.9770.02 0.98 3.070.3 3.270.2 3.77 3.13 3 77

Microtops Channel II

TOMS 0.9970.03 0.95 0.5570.3 3.1870.16 3.76 1.01 2 153

OMI-TOMS 0.9770.03 0.95 2.8870.3 3.770.2 4.45 3.04 3 129

OMI-DOAS 0.9870.03 0.95 1.6170.3 3.1370.19 3.76 1.82 3 129

TOMS 2001–2011 0.9870.03 0.92 2.0470.3 3.7470.15 4.37 2.51 3 234

GOME 0.9670.03 0.95 3.970.4 4.470.3 5.26 4.4 5 105

GOME-2 0.9570.03 0.97 4.870.4 4.970.3 5.69 4.9 6 77

Microtops Channel III

TOMS 1.0170.03 0.94 �0.7670.3 3.370.2 4.24 0.29 2 153

OMI-TOMS 0.98070.017 0.98 2.070.2 2.6170.13 2.96 2.29 3 129

OMI-DOAS 0.9970.02 0.97 0.670.3 2.4170.15 2.91 1.12 1 129

TOMS 2001–2011 1.0070.02 0.94 0.070.2 2.9270.14 3.62 0.91 3 234

GOME 1.0070.03 0.95 0.070.4 3.170.2 3.71 0.5 0 105

GOME-2 0.9870.02 0.98 1.770.3 2.7870.18 3.20 2.1 3 77
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these three comparisons displayed relative similar MBD and MAD
values indicating that the data show a limited spread, lowest for
GOME, intermediate for OMI-TOMS, and largest for GOME-2. How-
ever, the MBD and MAD observed for the comparison against TOMS
and OMI differ, with a statistical spread of the data larger than 1% in
both cases. The RMSD values are smaller than 3%, except for the
single case of GOME-2. The relatively large values of the statistical
parameters obtained for GOME-2 are probably due to the limited
number of data used, as it is also suggested by the larger uncertainties
with respect to the other sensors. The biases observed for the Channel



Fig. 3. Microtops–satellite scatter plots for the three channels. The black line is

the one by one line. (a) Channel I, (b) Channel II and (c) Channel III.
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I with respect to the different satellite measurements are similar to
those observed in the Brewer-satellite comparisons taking into
account the deviations reported by Antón et al. (2008, 2009a,
2009b), and Balis et al. (2007a, 2007b). Therefore, the ozone values
provided by Channel I fall within the relative uncertainty assigned to
satellite observations in all cases.

Despite the ozone values for Channels II and III are also well
correlated with the satellite observations as is indicated by the
linear regression parameters, both display very different statis-
tical parameters for the comparison.

Channel II shows the largest deviation with respect to the
satellite measurements. Only the comparison with TOMS shows a
MBD smaller than 1%. The rest of the cases show notable
deviations, which are largest,43.9%, for GOME and GOME-2.
The MBD and MAD values for GOME and GOME-2 are similar,
indicating that in most observations there is an overestimate by
Channel II. The scatter of the data is larger for the TOMS and OMI
comparison and the differences between MBD and MAD
are41.5%. The larger deviation between Channel II and the
satellite observations produces a large RMSD parameter, which
is43.76% in all cases.

On the other hand, Channel III displays very low MBD values in
comparison against all sensors. These are smaller than those
observed for Channel I in almost all cases. However, the larger
differences between MBD and MAD indicate large Channel III-
satellite deviations. These differences exceed 2% in all cases,
except for the GOME-2 comparison, which is around 1%. Channel
III displays RMSD values larger than 2.9% in all cases. In addition,
both MAD and RMSD for Channel III are in all cases larger than
those observed for Channel I, except for GOME-2.

The comparison using the combination of measurements from
TOMS and OMI-TOMS for the entire period (TOMS 2001–2011)
shows a behavior similar to that observed for OMI-DOAS for all
channels. The Channels I and III data underestimate the TOMS
measurements till 2005, while a compensation effect is produced
by the overestimation of OMI-TOMS data after 2005.

The significance of the statistical analysis for Channels II and III
is limited. That is due to the larger scattering observed in the
comparison against all satellite observations (Fig. 2b and c). It is
also confirmed by the large differences between MBD and MAD
and the increase of the standard deviation, assigned as the
uncertainty to the MBD values, with respect to Channel I. Fig. 4
shows the frequency of occurrence of RDEV values for all the
Microtops–satellite comparisons. The data display a sufficiently
symmetrical distribution around the average value of RDEV for
Channel I, as it is also confirmed by the similarity among MBD,
the median, and the mode parameters (Table 2) for all cases. The
median parameter is more representative than the mean value
when the data are not symmetrically distributed, as it is the case
for Channels II and III (Fig. 4). In these cases the median and the
mode parameters display different values, and the statistical
meaning of MBD and MAD is reduced.

The asymmetry in the RDEV distributions obtained for chan-
nels II and III is probably due to the different sensitivities to the
calibration and aerosols observed for these channels with respect
to Channel I. That is especially relevant in case of Channel II,
which also showed a large spread in the comparison against
Brewer ozone measurements for airmasses lower than 2.6
(Gómez-Amo et al., 2012a).

The poorest agreement is found in the Microtops–GOME-2
comparisons, especially for Channels I and II, and is attributed
mainly to the relative low number of data used for the validation
with respect to the other sensors.

Few studies are dedicated to comparisons between Microtops
and satellite ozone measurements. Massen (2003, 2005) compare
Microtops against Earth Probe TOMS, GOME, and SCHIAMACY
using only Channel III, and concludes that the Microtops ozone is
closer to the Brewer, with MBD in the range [�10, þ10] DU, than
to satellite measurements. Srivastava et al. (2008) use only 9 days
of measurements and concludes that Microtops values overesti-
mate the Earth Probe TOMS by 9 DU. However, the relevance of
these studies is limited because they use only few days for the
comparison and only one of the Microtops channels.

Silva and Tomaz (2012) reports an average Microtops–OMI
difference smaller than 2% using one year of measurements in an
urban site in Brazil.
5. Concluding remarks

Ground based ozone measurements from Microtops II were
compared with satellite observations from different instruments.



Fig. 4. Occurrence plots of the Microtops–satellite RDEV for the three channels.
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Microtops observations carried out during a ten-year long period
(2001–2011) at latitudes from 31 to 681 N are used in the
comparison. Microtops measurements averaged around the satel-
lite overpass time or daily mean values at airmasses lower than
2.6 (depending on the Microtops availability) are used in the
validation against TOMS, OMI, GOME, and GOME-2. A linear
regression and a statistical analysis were done to carry out the
Microtops–satellite comparison. Since most of the measurements
came from intensive and relatively short campaigns, the results
obtained in this work cannot be taken as representative for the
global agreement between satellite and Microtops instruments.
However, it may contribute to test the ability of one single
instrument to reproduce the ozone measurements in a large
variety of atmospheric situations, locations and seasons.

The results show that the three Microtops retrievals are well
correlated with the satellite measurements and a good agreement
is found in all cases. The Microtops overestimates the satellite
observations in almost all cases used for comparison, with the
exception of the TOMS comparison against Channels I and III.
Notable differences are observed among the channels.

The Channel I retrieval produces the best agreement, with a
limited variability range of the deviations from the satellite
measurements during the whole period. MBD is smaller than
2.14% for TOMS, OMI, and GOME, and reaches 3% in the compar-
ison against GOME-2 due to the limited number of data used.

The biases displayed for Channel I are similar to those reported
in the literature between the Brewer and satellite measurements
in most of situations. Therefore, that indicates that the Microtops
measurements provided by Channel I estimates the total ozone
content within the satellite uncertainties ranges.

The ozone retrieval from the Channels II and III presents a
larger variability. Channel II displays the largest biases against all
satellite measurements. Conversely, Channel III produces the
smallest MBD deviations, even lower than those shown by
Channel I. However, the deviations of Channels II and III data do
not show a homogeneous distribution and show large scattering
in the comparison against all satellite observations. This spread is
attributed to the sensitivities to calibration, airmass and aerosol
variability observed for Channels II and III.

Thus, Channel I is the best option to monitor the total ozone
content provided by satellite observations in all cases.
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